Abstract-Wireless Networks-on-Chip (WiNoC) are being explored for parallel applications to improve the performances by reducing the long distance/critical path communications. However, WiNoC still require precise propagation models to go beyond proof of concept and to demonstrate it can be considered as a realistic efficient alternative to wired NoC. In this paper, we present accurate 3D models based on measurements in Ka band and Electromagnetic (EM) simulations of transmission on silicon substrate in the V band and the Sub-THz band. Using these EM results, a time-domain simulation is performed using an On-Off Keying (OOK) modulation based transmission with different PA/LNA configurations. Our results highlight the type of performances and tradeoffs to be considered according to different parameters such as power output and amplifier's gain. By improving the knowledge about the signal propagation, one can conduct precise design space exploration for parallel applications. We discuss the realistic channel modeling and we present also hybrid solutions and associated limitations of WiNoC architectures. We conclude the paper with research directions to be explored to make WiNoC a reality.
I. INTRODUCTION
The emergence of the High-Power Computing (HPC) applications, leads to manycore architectures, which necessitates the use of efficient network-on-chip. However, the future manycore architectures will require large NoC that can lead to prohibitive latencies due to long multi-hop paths. Parallel computing relies on cache coherency protocols and synchronization mechanisms (locks, barriers, conditions). The efficiency of cache coherence protocols and synchronization is strongly penalized by multi-hop paths and by sequential messages. There is a great need of alternative solutions to avoid this penalization in parallel computing.
Wireless Networks-on-Chip (WiNoC) is considered as a promising solution in the context of manycore architectures to replace the multi-hop communications [1] . The use of wireless links allows single-hop long distance communication between distant nodes. WiNoC also allows taking benefit of real broadcast capabilities. Most existing WiNoC architectures are based on On-Off Keying (OOK) modulation technique as it is power and area efficient. Currently, CMOS-compatible NoC with millimeter-wave (mm-wave) wireless links proves reasonable bandwidth and energy efficiency. With technology advances, mm-wave transceiver can also provide high bandwidth to fulfill the application needs. [2] However, WiNoC still suffer from important limitations. The first one is the power consumption of the analog part of the transceivers with its order of magnitude (tens of mW) larger than the power consumption of digital components. Apart from the transceiver component in WiNoC, channel modeling is one of the major concerns. The multiple important radio parameters with strong impacts on communication quality and efficiency are not considered or based on simple and non-meaningful models. Accurate models are complex but signal propagation in air or silicon layers must be taken into account with its physical phenomena implications such as multipath interferences, metal interference structures and timedomain dispersion [3] . Thus, there is a need of a detailed investigation on channel modeling and antenna models before proceeding to a complete realization of the wireless links at a network level.
The BBC project (on-chip wireless Broadcast-Based parallel Computing) [4] has as an objective the realization of wireless interconnects for parallel computing application. A complete study is entailed from the radio and physical layer (i.e. the design and study of an integrated antenna /transceiver and of the propagation channel) through the MAC layer to the digital layer (broadcast protocol/architecture).
In this article, we present in the context of BBC an accurate model based on measurements and electromagnetic (EM) simulations of transmission on silicon substrate, in order to facilitate the efficient design of on-chip wireless communication infrastructure. After validating the problems caused by the silicon substrate by measurement, we propose a solution and test its feasibility by EM simulation on 2 different simulation tools and deduce its implications and benefits on the overall system. The retained multilayer architecture for BBC project is illustrated in Fig. 1 . The remainder of the paper is organized as follows: a brief overview of existing channel modeling works is presented in Section II. Section III describes the propagation channel measurement and analysis in frequency domain. The time domain analysis of propagation channel is illustrated in Section IV. Overall summary of this work including feasibility, scalability and overheads is discussed in Section V. We conclude our work in Section VI.
II. RELATED WORKS
Emerging interconnect architectures tend to reduce performance limitations of multi-hop communication in conventional wired NoCs. Four emerging interconnects are explored to address the long-range multi-hop communication bottleneck [5] : three-dimensional (3D) [6] , photonic [7] , RF/wireless NoC [8] . The mm-wave based WiNoCs have emerged as one of the promising solutions for scalable, energy-efficient CMOS compatible technology. Another alternative to wireless interconnects is an inductive/capacitivecoupled 3D integration technology [9] , [10] , however it produces electromagnetic interferences through the unwanted coupling. Thus, we choose to use mm-wave interconnects as it is the most adequate for broadcast application.
The WiNoC system has two main components on the physical layer: an antenna and a transceiver. The OOK modulation is generally envisaged for WiNoC as associated low power transceivers are easily implementable in CMOS technology [11] , [12] , [13] , [14] . The OOK modulation is the simplest amplitude-shift keying modulation with a data rate up to half of the available bandwidth. It is convenient for many high-speed applications and short-distance systems as in WiNoC case.
The on-chip integrated antennas for WiNoC operating in the GHz-range have been implemented in [15] , [16] , [17] , [18] , [19] , [20] . Though several works highlight the advantages of WiNoC architectures, however, it is also important to note that some existing analyses are not based on physical implementations of on-chip wireless links and some analyses make the fundamental assumption that signal propagation is through the free space. Apart from these, few works have analyzed the behavior of signal propagation in intra-chip wireless channel [21] . In [3] , propagation mechanisms in intra-chip channels is explored and shows the variation of path loss factor and propagation delay in free space transmission. In [22] the WiNoC propagation problems involved with channel model on Silicon is addressed. However, no effective solutions were provided without modifying the CMOS structure.
None of the existing works thoroughly examine the effects of the complex intra chip geometries on wireless channel and signal propagation characteristics that can have significant impact on circuit design, network and system performance notably when the carrier frequencies increase. Thus, we provide an initial deep EM analysis of the channel, to be followed later by the effects of the metal interferences structures.
III. PROPAGATION CHANNEL MEASUREMENT AND ANALYSIS IN FREQUENCY DOMAIN
A first study concerns the design and the electromagnetic analysis of the antenna and of the propagation channel. Usually, in frequency domain, the channel is characterized through the scattering parameters (S-parameters) representation (S 12 and S 21 are the transmission coefficients and S 11 and S 22 are the reflection coefficients). Such parameters are computed by using EM field solver simulation tools or by direct measurement from realized prototypes. In this paper, Sparameters are used to investigate and estimate the channel behavior in several configurations of carrier frequencies. First of all, we validate the numerical electromagnetic model by comparison with measurements in Ka band and then we highlight the problem of multipath reflection of the EM wave on the boundary between air and silicon.
A. Propagation Channel Measurements in Ka Band
To be able to satisfy high data rate and small dimension antennas, the use of Extremely High Frequency (EHF) band (30-300 GHz) as the frequency range for propagation is investigated in this work. This choice leads to high data rates due to the high bandwidths expected. It is also interesting for the reduction of the size of the antenna due to the wavelength decrease. In order to validate the EM-Simulation, we have realized antennas in Ka band (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) .
Based on the architecture retained ( Fig. 2) and to limit the complexity of the environment, we have studied the simplest propagation channel model on a simplified CMOS structure. It consists of printed dipole antennas as they are adequate to the WiNoC in broadcast applications (omnidirectional radiation pattern and simple design). The antennas were designed based on CMOS-like Structure with grounded High Resistivity silicon (HR-Si) with: a relative permittivity ε r = 11.9, a resistivity of ρ = 2.5 kΩ.cm and a thickness: Hsub = 655 μm. A small layer of 330 nm of SiO 2 (ε r = 4) is placed on the top level as an isolation. The dipole's length is close to L d = λ g /2, with λ g is the guided wavelength. The layer and the design of dipole antenna are presented in Fig. 2 . In order to facilitate the probe measurements a transition between GSG (Ground Signal Ground) pads and the dipole antenna has been designed. The test structures have been realized at the Laboratory of GREMAN in Tours -France, based on the procedure explained in [23] . The measurements have been done at the Lab-STICC laboratory in Brest -France using a probe station.
The results presented in Fig. 3 and Fig. 4 show a good agreement between the simulations (on the EM simulation Software HFSS TM ) and the measurement results which validate the EM-simulation tools and modeling.
The matching of the antennas is presented Fig. 3 . In both cases measurement and simulation, a minimum of S 11 = -37 dB is obtained at 37 GHz. The presence of multiple resonance frequencies on the reflection parameter S 11 is observed. The difference between the -10 dB matching bandwidth in simulation F h1 -F l1 = 6.3 GHz (17.4%) and in measurement F h2 -F l2 = 11.1 GHz (30.8%) is due to the uncertainty on silicon losses, the antenna environment and the measurement conditions. [24] A good agreement between the simulated and measured S 12 transmission parameter is shown in Fig. 4 . With a separation between the 2 antennas of 7.5 mm, the maximum of S 12 is -12.5 dB which is similar to other measurements found in literature [2] . If we consider a variation of -3 dB in comparison of the maximum of S 12 parameter, a 4 GHz bandwidth is obtained. Notice that this band is clearly smaller than the -10 dB matching criterion previously presented. Similarly to the resonances observed in adaptation case, we notice the presence of the transmission dips in the transmission parameter S 12 . The dips limit the -3 dB bandwidth. They are due to a cavity effect caused by the difference of relative permittivity between the silicon and the surrounding air (11.9 vs. 1).
This interface silicon/air behaves like magnetic walls around the silicon; associated with finite dimensions, it implies destructive interferences [22] . The difference between rays traveling through different paths, mainly the path that goes directly in the air and the path that goes in the silicon also implies transmission dips.
B. EM Simulations in V band
To really highlight this phenomenon of cavity effect and multiple paths which induced dips in transmission we have conducted several EM simulations with different scenarios as depicted in Fig. 7 . To clearly highlight the cavity effect, two simulation cases are compared in this section in the V band (40-75 GHz). At the end of this paragraph, a solution to overcome the negative behavior of the cavity is proposed.
As already was seen in measurement, the problem resides in the cavity formed along the silicon substrate and due to the reflections on the dielectric/air interface, the ideal case would be to consider the lateral dimensions of the dielectric substrate as infinite (i.e. radiation boundaries on the air box surrounding the substrate). In reality, the substrate will have finite dimensions and surrounded by air. So, the 2 cases simulated and compared are:
1. Ideal scenario: Antenna on HR-Si with infinite lateral dimensions simulated using radiation boundary on the silicon substrate edges Fig. 7 1) .
2. Real scenario: Antenna on HR-Si with finite lateral dimensions simulated using an air box surrounding the silicon substrate Fig. 7 2).
We have studied these scenarios considering 4 clusters of cores on a chip, and therefore 4 antennas are placed on the silicon substrate as per the Fig. 5 . The distance of separation between 2 adjacent antennas is set to 10 mm (the distance between diagonal antennas is of 14.1 mm). The characteristics of the substrate were kept the same as those used in measurements in Ka band. The reflection parameters S 11 ( S ii ) ( Fig. 6-a) shows a very different behavior between the two cases. In the case (1) with infinite dimensions a single resonance corresponding to the dipole resonance is observed as well as a large matching bandwidth (BW) that extends from 42 to 74 GHz (>50%). In case of finite dimensions, multiple resonances are present and it is difficult to identify the resonance due to the dipole.
The transmission parameter between diagonal antennas S 21 looks stable on a large BW in the case (1) and we can note a -3 dB BW over 30 GHz. While the chaotic parameter obtained in the case of a finite substrate dimension (2) will make the transmission impossible. For the transmission parameter between adjacent antennas S 31 (and its equivalents S 41 ), the same remarks can be said as for the diagonal transmission. Nevertheless, in the case (1), more fluctuations are observed which may limit the transmission bandwidth (multiple bands of 4 GHz around multiple frequencies are discernible). In the next section, we present a solution to avoid the cavity behavior.
C. Proposed Solution Simulations in V band
As the ideal case (1) is practically not realizable because of the limited dimensions of the chips, and to get back to this case we suggest surrounding the Silicon layer by an absorbing material layer. In this absorbing layer, the waves will be evanescent before reaching the air and thus the reflections would be reduced significantly. This proposed solution is called thereafter case (3) and is illustrated in Fig. 7-3 . We can see in the literature propositions for absorbent materials like graphene as an example [25] .
A comparison between the cases (1) and (3) have been made using EM-simulation and the S-parameters results are presented in Fig. 8 . The use of an absorbing layer permits to limit the number of resonances and to obtain a smooth variation like the infinite dimensions case. The contribution of the EM-absorbent can also be shown on the electric field distribution as depicted in Fig. 9 . The fields' cartography in the case (2) seems chaotic, a huge number of modes interfere which is typical of an oversized cavity while in the case (3) fields distribution can be compared to the propagation in an infinite environment.
Lower levels of transmission are observed between adjacent antennas than between the diagonal antennas despite that the separation distance is higher for the diagonal antennas than for the adjacent ones. This is due to the radiation pattern of the grounded dipole antenna which presents lower gain in the adjacent antenna's direction than in the diagonal antenna's direction. Nevertheless, the proposed solution helps to bypass the silicon substrate problems. To avoid this directivity problem, a solution is to use monopole antennas placed inside the silicon substrate.
D. EM Simulations for Monopole Antennas in Sub-THz band
As can be seen in the above paragraph, the antenna directivity and placement plays an important role in improving the transmission for the WiNoC channel. This hypothesis was studied in [17] , [26] , [27] . But in each of these publications no deep EM analysis was provided. As broadcast applications are addressed, omnidirectional vertical monopoles are good candidates [28] . In order to have a reasonable height compared to the substrate height, these monopoles have been designed in the Sub-THz band (at 200 GHz on silicon the wavelength is of ≈435μm, so a quarterwavelength monopole would be after optimization of ≈143μm height excited by a coaxial cable conform with their dimensions) as it is presented Fig. 10 . These monopoles could be metallic if the technology permits, otherwise carbon nanotubes could be integrated [29] , [30] , [31] . EM simulation has been done considering a Silicon substrate surrounded by an absorbing layer as explained previously. The distance of separation between 2 adjacent antennas is set to 10 mm and between the diagonal antennas would be 14.1 mm.
The simulations have been conducted on HFSS TM and the results of S-parameter are shown in Fig. 11 for the reflection parameter and in Fig. 12 for the transmission parameters.
A good matching (S 11 <-20db) is obtained and the -10 dB bandwidth is extended to 62 GHz which represents a relative band of 31%.
As for the transmission parameters S 21 & S 31 , we can see fluctuations that stay in a level between -25 and -35 dB. This behavior may be explained by the multiple reflections vertically through the layers [32] [33] than by the horizontal reflections on the edges and borders of the substrate interfaces. The use of omnidirectional antennas implies higher transmission between the adjacent antennas than the diagonal antennas as the adjacent antennas are closer.
However, using high carrier frequency implies lower transmission levels for a same distance. This is due to the FRIIS equation who expresses the ratio of received power P r to transmitted power P t in 3D space as: (1) Where G t and G r represent the antenna gains, D is the separating distance between the two elements and l is the wavelength and a is the channel attenuation. So, the greater the frequency, the lower is this ratio. To evaluate the channel behavior in time domain, the S parameters obtained by measurements or EM simulations have been used in a very simple circuit modeling to obtain the eye diagram characteristics. This part is presented in the next section.
IV. TIME DOMAIN ANALYSIS OF THE PROPAGATION CHANNEL

A. Transceiver Design and Time Domain Simulations in Ka Band
To assess the channel performances, we have used the block diagram of a simple OOK transceiver shown in Fig. 13 . The transmitter consists of a binary sequence generator and a sine wave generator multiplexed in an OOK modulator. The channel is formed by the touchstone file (.sNp) extracted from the measurements or the EM simulation between 2 or more antennas. The receiver includes a Low Noise Amplifier (LNA) of variable gain G and an envelope detector to recover the signal. Eye diagrams help us to check the state of the signal after each step and precisely at the receiver side.
The specific advantage of this transceiver is besides its simple design, the absence of a power amplifier at the transmitter side which will help us later to decrease the power consumption.
Based on the above design, the performances of the measured Ka band channel have been evaluated using ADS© circuit simulator. The aim of this simple study is to estimate the Signal to Noise Ratio (SNR) in several configurations of binary rate and amplifier gain. The noise figure of the LNA have been set arbitrarily at 10 dB and the filter of the envelop detector is simply modeled by RC cells. The simulation results are summarized in the Table 1 . The representation of the 1V level: L 1 , the 0V level: L 0 , the height H and the width W are presented in Fig. 14. The SNR is estimated using:
Where d 1 and d 0 are the noise levels for L 1 and L 0 respectively (also illustrated on Fig. 14) .
The SNR depends both on the binary rate F bin and on the global gain G of the transmission chain. The higher the data rate F bin is, the higher the global gain G should be and thus the higher the power consumption. In Ka band, based on the channel measurements results, we set the carrier frequency to 35 GHz, for a data rate of 2 Gbps, no global gain implies an SNR of around 17 dB which seems sufficient for WiNoC applications [5] .For a data rate of 4 Gbps, the global gain needed to obtain an SNR greater than 12 dB is around 5 dB. In both binary rate cases, the use of 10 dB global gain ensures a good level of SNR implying a bit error rate lower than 10 -12 which is adequate for WiNoC applications.
B. Time Domain Simulations in the mm Wave Band
Based on the EM simulations, we use here the same transceiver design used earlier for the measurement in Ka band, to realize the time domain simulations for the case (3) in mm Wave band for the monopole antennas designed with a surrounding absorbing layer and a carrier frequency of 200 GHz.
The results of the eye diagram simulations are resumed in the Table 2 and Table 3 corresponding respectively to the adjacent antennas transmission case (10 mm distance) and the diagonal antennas transmission case (14.1 mm distance). The noise figure of the different amplifiers is set to 10 dB.
Due to the Friis relation, using higher frequencies implies the need of a greater amplifier gain. This is why to achieve a data rate greater than 4 Gbps, it is necessary to use at least a global gain of 15 dB; the greater the data rate, the higher the gain needed. As an example, if 8 Gbps is needed, a global gain of 25 dB minimum is required to achieve a SNR > 9dB.
The ripple of the S-parameters limits the band, while if the response is flat, higher data rates are possible. This drawback can be compensated by using a numerical equalizer as it has a limited power consumption compared to the analog part. The lower the transmission parameters level, the higher the global gain in the chain must be. 
V. DISCUSSIONS
In this study we first observe that reflections and cavity effects must be considered to build a realistic WiNoC. We show that an absorption layer is required to get a workable solution and to avoid intractable placement constraints. Moreover considering technology constraints and cost, it is crucial that this layer is CMOS compliant. Another well identified issue is the channel uniformity with horizontal dipole antenna. We show that vertical quarter-wavelength monopole is a possible solution in the Sub-THz Band that can be integrated in a 200μm silicon layer.
The second point is related to power consumption, which is one of the main impediments to WiNoC implementation. PA and LNA are of the most significant sources of power consumption. PA efficiency is extremely low (17% in [34] ) and worse than LNA. Recent work in 45nm show very impressive power gain for PA [34] and LNA [35] , namely 3.9 and 1.3mw respectively, and the LNA efficiency is three times better (0.08 vs 0.24pJ/bit). So, we explore the possibility to get rid of the PA. Our simulations show that a 25dB gain provides 8 Gbps data rate for a 9.5dB SNR, which is enough to retrieve the information with a simple transmission scheme. If we assume a classic linear power model with respect to the gain, we can perform rough estimations. Let's consider a solution without a PA and with an LNA only from [34] . We must increase the gain of the LNA from 16 to 25dB, which means a power consumption of about 2mW. This estimation must be compared to 5.2mW that is required for the LNA and PA case and a global gain of 32dB. On the contrary, note that if we consider a solution with a single PA from [34] , we must increase the gain of the PA from 16 to 25dB and obtain a power consumption of about 6mW. So, it seems to be possible to use an LNA only, this is a promising perspective since significantly lower power consumption means possible implementation and scalability. In other words, we can expect WiNoC with a significant number of routers.
Thirdly, let's consider the frequency Band. 200GHz allows designing vertical antennas but the drawback is the energy efficiency that decreases proportionally with the frequency. Compared to 60GHz, we get a loss of about 6dB, however it is already included in our simulation scheme and in our results. Moreover digital communications methods can additionally be applied to reduce power with lower SNR. This option is motivated by the power consumption of the digital part, which is an order of magnitude lower than the analog part. Basically, we can expect to introduce Direct Sequence Spread-Spectrum (DSSS) [36] with low spread factor and Error-Correcting Codes (ECC) [37] techniques with high code ratio in order to maintain high data rates. Finally, digital equalization [36] can also be used to improve the bandwidth and so the data rate.
VI. CONCLUSION
Our study highlights the crucial need for realistic channel models that consider cavity effects and multi-paths. However, it also shows that WiNoC remains a promising alternative to prohibitive wired multi-hops paths and to provide efficient broadcast capabilities if appropriate design, frequency band, absorbing layer, antenna design and digital processing techniques are applied.
The immediate perspectives are firstly an analytical accurate channel model, thus we are currently running timeconsuming simulations. Then we intend to provide the details and the experimental results of the CMOS-compliant absorbing layer that was briefly introduced in this paper. Finally, we intend to combine accurate RF models and digital techniques to evaluate the consistency of the complete proposed solution.
